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Abstract. The present study is based on simultaneous
measurements of the atmospheric electric potential
gradient (PG) and Schumann resonances at Nagycenk
station (Hungary) from 1993 to 1996. Annual and
semiannual variations detected previously in the relative
amplitudes of Schumann resonances (SR) in the ®rst
three modes are con®rmed by the extended data series
applied here. The regular annual variation found in the
PG (with winter maximum and summer minimum) is in
the opposite phase, compared to that of the SR am-
plitudes. Nevertheless, even the PG (being a parameter
of the DC global circuit) occasionally shows a distinct
secondary peak in summer as indicated by the results of
the present analysis (and corresponding to a recent
study on further parameters of the DC global circuit). In
spite of the presumed dominance of local in¯uence over
the global one, a suitable PG parameter correlates well
with SR (representing the AC global circuit) on the
annual time scale. It also became evident that a
semiannual variation (with spring and autumn maxima
and winter and summer minima) is generally present in
SR. Certain signatures of a semiannual variation have
also been revealed in the PG, however, the phase of this
semiannual variation does not ®t the pattern shown by
SR (and tropical surface air temperature, respectively).
The representativeness of the PG data has also been
checked by means of a single day's diurnal variations
displaying a phase corresponding to that of the
`Carnegie Curve'. Additionally, the coincidence of
short-term changes (lasting some hours) both in the
SR and the PG parameter is also demonstrated on a day
disturbed by local factors. The results are discussed in
the context of correlations between surface air temper-
ature and parameters of the atmospheric electric global
circuit shown by previous studies.
1 Introduction
Atmospheric electric phenomena take place in a global
spherical capacitor consisting of two conductors and the
insulating air between them. One of the conductors is
the Earth's surface and the other is represented by the
highly conductive layers of the upper atmosphere. The
lightning associated with thunderstorm activity gener-
ates electromagnetic waves which propagate in this
spherical capacitor i.e. in the Earth ± ionosphere cavity.
The cavity is a wave guide for electromagnetic waves in
the ELF-band (3 Hz±30 kHz). Waves of certain fre-
quencies become accentuated in this cavity and they are
referred to as Schumann resonances. The ®rst (basic)
mode of the Schumann resonances (SR) appears as a
standing wave in the Earth ± ionosphere wave guide, its
wavelength is commensurable with the circumference of
the Earth. The resonant frequency of each mode shows
changes of some tenths of Hz and the amplitude of the
signal also changes. The frequency slip is partly due to
the changes in the vertical extension of the wave guide
and in the conductivity of its upper wall (i.e. in the
height of the corresponding ionospheric layer and its
conductivity). The frequency slip also depends on the
site of the source generating the ELF waves (i.e. on the
distance of thunderstorm activity from the station of
observations). The latter circumstance is also in¯uential
in the amplitude of the signal, however, sometimes the
amplitude is also in¯uenced by local (atmospheric
electric and meteorological) conditions.
Atmospheric electric measurements have been carried
out at the Nagycenk observatory (geographical lat.:
47°38¢; long.: 16°43¢; Hungary) for more than three
decades. The potential gradient (PG) is measured at a
height of 1 m above the ground. (The equipment and the
conditions for the observations have been described in
detail in two earlier papers: Bencze and Ma È rcz, 1967,
1981; here the most important characteristics and
circumstances are listed again.) The PG equipment is Correspondence to: F. Ma È rcz
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Piraux (1951). Its sensor includes a radioactive collector;
the response time of the sensor to electric ®eld variations
is about 20 s. The measuring range is limited between
+300 V/m and )300 V/m (positive values correspond
to the fair-weather polarity, i.e. electric ®eld is down-
ward directed). The base line (corresponding to zero
potential) is checked each day and the equipment is
calibrated each week. Due to the careful and continuous
service of the equipment, both the base line and the
calibration values remained stable for the interval of
more than three decades, thus the high quality of data
could be preserved. The PG data are derived from
analogue records; the data processing yields hourly
mean values of the PG (in V/m) which are included
(together with geomagnetic, Earth current and iono-
spheric absorption data) in the Geophysical Observa-
tory Reports published periodically by the Geodetic and
Geophysical Research Institute.
The observatory is situated in a wooded area, far from
large settlements, thus in¯uences of industrial or anthro-
pogenic origin hardly disturb the atmospheric electricity
measurements. Additionally, the area is protected by
nature conservation as a National Park. This is mainly
due to the neighbouring Lake Ferto È which is a steppe
lake, and a rather unique site in this part of Europe. The
PG sensor itself is situated in a grassy, ¯at area, the
distance between the sensor and the atmospheric elec-
tricity building (with a height of 4 m) is 25 m. Woods
surrounding the observatory are suciently distant from
the sensor (the nearest woods are about 50 m away),
however, a small group of trees have grown up eastwards
of the sensor at a distance of about 20 m. (A long-term
decline appearing in PG is most likely attributable to the
latter situation, however, a secular decrease of the
ionospheric potential reported by Williams and Renno,
1991, might also contribute to the PG decline. This topic
will be discussed in another study.
Preliminary measurements of the Schumann reso-
nances were carried out at the same site (in an
appropriate distance from the atmospheric electric
measurements) in the 1960s (A Â da Â m and Bencze, 1963).
Continuous digital recording of the ®rst three SR modes
of the vertical electric ®eld component was started at the
Nagycenk observatory in the early 1990s (Sa Â tori et al.,
1996). The measuring equipment consists of the follow-
ing units: stable ball-antenna 2 m above the ground in a
plain area, preampli®er with high input impedance and
low noise, ampli®er and personal computer with high
speed multi-channel AD-converter. (The ampli®ed sig-
nal in the range 2±25 Hz is sampled with a rate of
d = 10 ms for 35.8 s, or until the signal surpasses the
dynamic range of the AD converter; in the latter case the
sampling is interrupted and then restarted.) The com-
plex demodulation used as spectral ®ltering technique
allows the determination of the time variations of the
actual SR peak frequencies with great accuracy and
those of the amplitudes belonging to them. Initial results
have con®rmed that this technique is suitable for
monitoring changes and events in the ®rst three SR
modes (Sa Â tori et al., 1996; Sa Â tori, 1996).
Based on time series covering a period somewhat
longer than a decade, variations of dierent periods
were investigated in the Nagycenk PG record (Ma È rcz
and Bencze, 1981). Thus, a diurnal variation similar to
that known from Israe È l (1973) as a single-oscillation
diurnal variation was shown for all seasons when
separating the data according to winter, equinox and
summer months. Additionally, a seasonal variation with
a maximum in late winter and a minimum in early
summer was also detected. The presence of a semiannual
variation could not be con®rmed on the basis of these
earlier results. In the present study, a PG data set from
1993 to 1996 is analysed. This set covered the four year
interval when simultaneous SR measurements were also
made at the Nagycenk observatory, thus the data of an
appropriate SR parameter could also be included into
the investigations.
The analysis is mainly aimed at the detection of
similar signatures in the seasonal variation of the PG
and the relative amplitudes of the vertical electric
component of the Schumann resonances. Namely,
Sa Â tori and Zieger (1996) using an appropriate ®ltering
technique have found an annual component in the ®rst
three modes of the latter parameter showing a maximum
in Northern Hemisphere summer and a minimum in
winter in accordance with the annual variation of global
thunderstorm activity in the Northern Hemisphere.
(Their initial analysis covered a shorter interval from
May 1993 to May 1995.) Based on results published
in literature (e.g. Israe È l, 1973) and on our earlier in-
vestigations (Ma È rcz and Bencze, 1981), it is evident that
the phase of the annual variation of the PG measured at
land stations is opposite to that found in the Nagycenk
SR parameter (and global thunderstorm activity) be-
cause of the dominance of local in¯uence in the PG. The
role of local air conductivity is particularly dominant in
PG variations at land stations. The annual variation of
air conductivity displays a winter minimum and a
summer maximum as shown for a Northern Hemisphere
station (at Kew) e.g. in Fig. 35 by Chalmers (1957).
Unfortunately, air conductivity measurements were not
carried out at Nagycenk station. However, it can be
assumed that for conductivity the phase of the annual
variation (at Northern Hemisphere stations) is generally
like that found at Kew. Thus, the annual variation of the
Nagycenk PG (with winter maximum and summer
minimum) can mainly be attributed to the inverse
seasonal variation of local air conductivity.
On the basis of earlier observations, Adlerman and
Williams (1996) have recently shown the seasonal
variation of air conductivity together with the inverse
variation of Aitken nuclei during the year. In the
Northern Hemisphere, the number of Aitken nuclei is
generally larger in winter than in summer. Consequent-
ly, air conductivity is reduced (PG is increased) in winter
while it is increased (PG decreased) in summer at
Northern Hemisphere stations. A reversal in the behav-
iour of these atmospheric electric parameters has also
been shown for the Southern Hemisphere. In addition,
Adlerman and Williams (1996) reanalysed the entire
potential gradient data set of the Carnegie and Maud
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carried out over the open ocean, where the aerosol
variability is small, it could be supposed that the data
might virtually be uncontaminated by eects of local
pollution. Adlerman and Williams (1996) hoped to ®nd
a summertime maximum in these potential gradient
data, as they detected a summer peak of air-Earth
current in unpublished Mauna Loa data, too. In fact
they con®rmed that the mean potential gradient peaks
during Northern Hemisphere summer rather than in
winter. In the present study, we try to ®nd a signature of
this summer peak in the Nagycenk PG data, even
though we are aware of the dominant in¯uence of local
factors on PG measured at a land station. This presumed
summer peak would also coincide with the summer
maximum shown for the AC component of the global
circuit (represented by the SR parameter) in the work of
Sa Â tori and Zieger (1996). It should be mentioned that
results of Adlerman and Williams (1996) revealing a
summer peak in parameters of the global DC circuit
show correspondence with results (Williams, 1994)
indicating a strong maximum in the surface air temper-
ature (60° latitude) and a diuse maximum in thunder
day data (60° latitude).
Since the PG can be regarded as a parameter directly
connected with the zeroth order SR mode (DC com-
ponent) of the Earth ± ionosphere wave guide, it is
reasonable to presume certain similarities between
periodicities in the PG and Schumann resonances
(identi®ed as the AC component). Nevertheless, it was
previously mentioned that the PG measurements carried
out at land stations are aected by local in¯uences, thus
the global signal content in the DC component (as
represented by PG data) is presumedly diminished to a
greater extent in comparison with that in the AC
component (Schumann resonances). Additionally, the
true source for these two components of the global
circuit may be dierent; consequently the PG will not
always follow a one-to-one correspondence with SR.
Based on both normal mode theory for the lossy cavity
(Wait, 1960) and practical experience, it is also suggested
that the SR signal rather depends on where it is observed
relative to the sources, while in the case of PG the source
positions should be less in¯uential. The present study
intends to check whether the semiannual variation
(certainly present in the SR parameter) might occasion-
ally appear in the PG, too. The analysis made by Sa Â tori
and Zieger (1996) has, indeed, revealed a semiannual
signal in the relative amplitudes of the vertical electric
component of SR (which was especially signi®cant in the
®rst and second mode). They found secondary maxima
around spring and autumn, in addition to the annual
maximum appearing in summer. Adlerman and Wil-
liams (1996) showed only weak evidence for a semian-
nual signal in the Carnegie potential gradient data with
small maxima around September to October and Feb-
ruary to March.
The diurnal variation of the PG will also be demon-
strated on selected individual days in order to check the
representativeness of the measurements on this basis.
Namely, a PG diurnal variation similar (in phase and
amplitude) to the unitary diurnal variation of the global
circuit (as represented by the `Carnegie Curve') could
con®rm that the global signal content in the Nagycenk
PG data is acceptable even on this time scale. There are
short-term changes in the PG which originate from local
eects, especially from thunderstorm activity in the
vicinity of the observation site and from meteorological
disturbances. These changing local conditions might
also in¯uence certain parameters of the Schumann
resonances. A search for related cases is another goal
of the present study using data of the Nagycenk
observatory.
2 Data selection and processing
In the case of atmospheric electric data, several selection
methods have been introduced and applied in order to
yield a suitable basis for the investigation of dierent
atmospheric electric phenomena. Actually, certain re-
strictions are mostly applied which should allow only
the processing of data obtained under optimum mea-
suring conditions; consequently a part of the data is
generally discarded from the measured series. The
exclusion of data is mainly aimed at the selection of
undisturbed or fair-weather periods when the typical
properties of the corresponding atmospheric electric
parameter might be most pronounced. As mentioned by
Israe È l (1973), generally valid guide-lines have not yet
been established for data selection, however, certain
recommendations exist which lay emphasis on local
meteorological conditions, too. Thus for investigating
the typical characteristics of an atmospheric electric
parameter, it is advisable to retain only data from
periods without precipitation, fog, blown snow and
blown dust, and with wind speeds below 3 Beaufort,
cloudiness less than 3/10 and not concentrated in the
zenith (e.g. Dolezalek, 1991). In spite of the attempt to
remove the strongest meteorological in¯uences from the
data, additional local peculiarities will be preserved in
them. This means the detection of purely global eects
in an atmospheric electric parameter is certainly a
dicult task. The applied method of data selection also
in¯uences the comparability of results derived from data
series of dierent stations.
Taking into account the previous considerations, it
would be useful to carry out continuous meteorological
observations at each atmospheric electricity station. At
Nagycenk, meteorological observations were accom-
plished three times every day by the Hungarian Mete-
orological Service in the early 1960s, however, they
ceased after some years. Consequently, a selection of PG
data according to meteorological factors is not possible
in the case of data applied in the present study, and it is
even impossible when using a data set over a long
interval. Nevertheless, a certain selection of data is
reasonable and this has been done regularly.
In the processing of PG values measured at Nagy-
cenk, hourly averages are determined and these are
included in the periodically issued `Observatory Re-
ports'. The PG values are taken only from hours with a
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averages are determined for hours in which the PG
exceeded the limits of 300 V/m. Such cases generally
occur during local thunderstorms and during stormy
rain and snow, thus hours in¯uenced by these meteo-
rological factors are not included in the original data
base of the Nagycenk observatory. Additionally for the
present study, all hourly averages have been removed
from the original data base if the PG was negative
(reversed to normal fair-weather direction), i.e. certainly
disturbed for some reason. Since the PG usually reverses
its direction during light rain (Israe È l, 1973), as well as
PG values in hours with stormy rain or snow were in any
case excluded from the original data base, it is most
probable that PG data retained in this selected set might
be eectively free from the eect of rain. Some of the
disturbed (and as a consequence discarded) PG values
might not directly be associated with rain; instead they
were perturbed by electri®ed clouds appearing over the
measuring area. Thus, the strongest meteorological
eects are removed from the selected data, however,
they are somewhat contaminated by in¯uences of certain
other meteorological factors.
On average, 80% of the possible maximum number
of data are retained in the selected set, the other 20% is
excluded due to these selection procedures and because
of gaps in the observations. Based on this PG data set,
monthly means have been determined for each hour of
the day. These values will be arranged suitably for
investigating the appearance of an annual and a
semiannual signal in a DC parameter of the global
circuit during the interval from 1993 to 1996. (Simulta-
neous SR data were available from May 1993.) Monthly
means of the relative amplitudes of the vertical electric
component of SR (in the ®rst three modes) will be used
for showing variations on the same time scale for a
parameter representing the AC component of the global
circuit. The data set of both components seems to be
sucient for appropriate comparisons.
3 Results
3.1 Annual and semiannual variations
in Schumann resonances and in the PG
The monthly means of the squared relative amplitudes
of the vertical electric component of SR have been
determined for the interval from May 1993 to December
1996. They show clearly the presence of an annual
variation with a maximum in Northern Hemisphere
summer and a minimum in winter (Fig. 1). The
semiannual signal, con®rmed in SR by a previous
analysis (Sa Â tori and Zieger, 1996), is generally present
in this longer data series, too. Maxima appearing
around spring and autumn are most distinct in each
mode in 1994. In the following years, the appearance of
spring and autumn maxima is somewhat dierent in the
individual modes. It seems that the amplitude of the
semiannual signal decreases towards 1996. In spite of
these modi®cations, both the annual and the semiannual
signal, revealed by an analysis using a suitable ®ltering
technique in the work of Sa Â tori and Zieger (1996), are
preserved during the interval investigated here.
Using the selected data set of the Nagycenk PG
(described in the previous section), Fig. 2 shows the
monthly means of this parameter determined for each
hour of the day during the interval from January 1993 to
December 1996. In accordance with earlier results
(Ma È rcz and Bencze, 1981), a distinct annual variation
is displayed by the envelopes of the presented curves
with a maximum in Northern Hemisphere winter and a
minimum in summer. Thus, the phase of the annual
variation of the PG is opposite to that of the SR
parameter in Fig. 1, and corresponding to that shown
by Adlerman and Williams (1996) for PG measured at
several Northern Hemisphere stations. As mentioned in
the introduction, this behaviour of the PG can be
attributed to the inverse seasonal variation of local air
Fig. 1. Monthly means of squared relative amplitudes of the SR
vertical electric component (in arbitrary units) showing the seasonal
variation in the ®rst three modes at Nagycenk station from May 1993
to December 1996
Fig. 2. Monthly means of the Nagycenk PG (in V/m) for each hour of
the day in the interval between January 1993 and December 1996
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mers, 1957) or to that of condensation nuclei varying in
phase with the PG during the year (Adlerman and
Williams, 1996). In Fig. 2, it is striking that the upper
envelope of the curves also reveals peaks in summer
which are especially distinct in 1994 and 1995. These
peaks are reminiscent of the results of Adlerman and
Williams (1996) who reanalysed the entire Carnegie and
Maud potential gradient data and showed that this
parameter is peak in summer rather than in winter, like
the air-Earth current at the Mauna Loa station. These
results are consistent with the peak of the global
thunderstorm activity in the same season. Consequently,
they hint at the fact that, in spite of the dominance of
local in¯uence, the global signal content of the selected
Nagycenk PG data might be preserved, at least to a
certain extent.
The monthly means of the PG determined for each
hour of the day made it possible to plot the seasonal
variation of PG separately on the basis of day-time data
and night-time data, respectively. This distinction be-
tween day and night seemed to be reasonable because of
the characteristic diurnal (UT) variation of global
thunderstorm activity which generally shows maximum
in the afternoon hours and minimum in the night or
dawn hours. Figure 3 shows the seasonal variation
based on PG means of day-time hours (using a 6 h
interval between 10 00 UT and 16 00 UT) and on those
of night hours (between 22 00 UT and 04 00 UT). In
addition, daily means (based on 24 h) are also given for
each month. The curve for the latter means (solid line in
Fig. 3) shows the annual variation with winter maxima
and summer minima, however, secondary maxima also
appear in summer, especially in 1994, 1995 and slightly
in 1996. These summer peaks are most signi®cant in the
case of day-time data (dashed line), while they are
missing in night hours (dotted line). To explain these
results the following considerations should be consid-
ered.
The seasonal variation of PG based on night data is
consistent with the suggested inverse seasonal variation
of local air conductivity as discussed previously, (and it
is in-phase with that of condensation nuclei). In spite of
the fact that high local air conductivity (and low number
of condensation nuclei) in the Northern Hemisphere
summer should result in decreased PG values, rather
clear PG peaks appear in each summer when day-time
data are used for demonstrating the seasonal variation
of PG. In 1994, the summer maximum is higher than
any winter maximum during the investigated interval,
and in 1995 it is commensurable with some of the winter
maxima. It might be supposed that these summer peaks
originate from local thunderstorm activity generally
occurring around and after the noon hours at Nagycenk
station; however, this supposition does not hold since
data contaminated by local thunderstorm eects have
mostly been excluded from the original data base due to
the selection procedure described in the previous section.
Thus, it seems likely that the summer peaks revealed in
the day-time PG are signatures associated rather with
global thunderstorm activity. This resembles similar
results shown by Adlerman and Williams (1996) on the
basis of Carnegie and Maud PG data. It should be
mentioned that the day-time interval (used for showing
the seasonal behaviour of the Nagycenk PG between
10 00 UT and 16 00 UT) covers a period when
thunderstorms can be expected not only on the Euro-
pean but also on the African continent, as shown e.g. in
Fig. 158 of Israe È l (1973). It is most likely that the
enhanced African contribution to global thunderstorm
activity is involved in the generation of occasional
summer peaks in the day-time Nagycenk PG.
SR intensity, as well as the global thunderstorm
activity has a night-time or early dawn minimum (in
UT) and a maximum in the afternoon hours. It can be
assumed with reason that a global contribution can be
signi®cant, in addition to local eects, in the seasonal
variation of day-time PG, while it is quite limited in the
seasonal variation of night-time PG. This is supported
by the fact that the anomalous summer maxima
attributed to global (or at least regional) eects occur
only in the day-time PG series and not in the night-time
PG data, as shown in Figs. 2 and 3. Thus, provided that
local eects in PG have similar seasonal variations
during day-time and night-time, the local eects can be
minimised in the seasonal variation of PG by computing
the normalised dierence between day-time and night-
time monthly PG data. Due to the minimised local
contribution, the parameter obtained can be regarded as
indicator of the global signal in the seasonal variation of
PG. As shown in Fig. 4, this parameter is well correlated
with the average SR amplitude computed from the ®rst
three SR modes, con®rming the connection between the
DC and AC components of the global circuit on an
annual time scale. The corresponding cross-correlation
coecient is 0.44; based on a Student's test, it is
signi®cant at a con®dence level of 99 per cent.
As seen in Fig. 1, a semiannual signal is indicated by
spring and autumn maxima in the SR parameter.
Inspecting thoroughly the changes of the monthly PG
Fig. 3. Monthly means of the PG (in V/m) based on dierent data sets
for the same interval as in Fig. 2; middle: all hours (00±24 UT); top:
day-time hours (10±16 UT); bottom: night-time hours: (22±04 UT)
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the curves in Fig. 2 one by one), slight indications of
peaks could be detected near to the autumn period
especially when regarding curves for certain early
morning hours only. In these hours, the PG values are
quite low, local thunderstorms hardly occur, as well as
vertical and horizontal air motions (contributing to the
changes in local condensation nuclei content and in air
conductivity) are mostly unimfortant in comparison
with the changes of these parameters during day-time.
Because of the favourable local conditions mentioned,
the morning interval between 05 00 UT and 08 00 UT
has been selected for tracing the appearance of the
annual and especially semiannual component in the PG
during the four years investigated by using a powerful
®ltering method. The curve given by solid line in Fig. 5
shows the changes in the averages of monthly mean PG
determined for this period. For this curve, the same
®ltering technique as described by Sa Â tori and Zieger
(1996) has been applied for extracting both the annual
and the semiannual component. As could be expected,
the annual component (indicated by dashed line in
Fig. 5) clearly shows the winter maxima and summer
minima in PG corresponding to the seasonal variation
of local air conductivity (as discussed previously). In the
four years investigated, the semiannual component
(indicated by dotted line) mostly displays maxima in
February and August, i.e. they appear at least one
month earlier than those detected regularly in spring and
autumn in the case of SR amplitudes. In 1995, the
maxima shift even more (to January and July). Thus, the
phase of the semiannual signal appearing in the PG
diers from that found in the SR amplitudes. It should
be mentioned that various pieces of evidence suggested a
stronger semiannual signal in rainfall and lightning in
Africa, while this signal should be weaker in Asia. From
this point of view, the selection of the African diurnal
interval seemed to be advisable for investigating the
semiannual signal in PG. Nevertheless, results (not
shown here) derived for this interval did not con®rm this
supposition. As can be seen in Fig. 5, the use of morning
PG values (when a contribution to global thunderstorm
activity is from the Asian and Australian continent as
e.g. shown by Israe È l, 1973) led to promising results. This
might be due to the fact that during the selected morning
interval the local conditions at Nagycenk are more
advantageous in terms of ®nding a semiannual signal in
the PG parameter. It is also remarkable that Adlerman
and Williams (1996) showing the monthly means of air-
Earth current for Mauna Loa station detected some type
of semiannual signal. The February-March maximum
(also in this case) occurred too early to ®t the variation
pattern of surface air temperature between 25°
latitude (Williams, 1994), however, the fall maximum
appearing in October±November was somewhat similar
to the air temperature pattern. Taking into account the
results of the present study and those of Adlerman and
Williams (1996), it can be concluded that a semiannual
signal (corresponding to that found in tropical surface
air temperature) is certainly present in SR which is the
measure of the AC global circuit, while it is masked or
even questionable in DC parameters.
3.2 Diurnal variation and short-term changes
in the PG and in Schumann resonances
A further comparison between the PG and the SR
relative amplitudes is reasonable on the diurnal time
scale, too. For this purpose, undisturbed days have been
chosen from three dierent seasons. (It was also
required that both the hourly averages of PG and
appropriate SR amplitude data should be continuously
available for the chosen days.) Based on reports of a
nearby (10 km) meteorological station of the Hungarian
Meteorological Service, clear fair-weather conditions
Fig. 4. Normalised dierences between day-time and night-time
monthly means of the PG (solid line) and average SR amplitudes
for the ®rst three modes (dashed line) for the same interval as in Fig. 2
Fig. 5. Monthly means of the PG (in V/m) based on data between
05 UT and 08 UT (solid line), ®ltered annual component (dashed line)
and ®ltered semiannual component (dotted line) for the same interval
as in Fig. 2
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summer on July 25, 1995 and for autumn on October 26,
1995. In all three cases, an anticyclone was dominant
over Hungary, the airmass was reported to be clean and
mostly cloud-free; these conditions yielded continuous
sunshine hours during day-time and no precipitation.
Figure 6 shows the hourly averages of the PG for
these days (hours are given in UT). It is evident from the
curves that the mean levels are dierent; this is partly
connected with the seasonal variation of the PG.
Minima appearing between 02 00 and 06 00 UT as well
as maxima in the interval from 14 00 to 19 00 UT
generally correspond to the main features of the unitary
diurnal variation in the atmospheric electric DC global
circuit. All curves hint at low-noise measurements on the
selected days; (additionally, it should also be considered
that hourly values determined on the basis of individual
measurements can be compared with an accuracy of
about 10 V/m because of certain de®ciencies common in
the reading of analogue records). In spite of the
¯uctuating values around the minimum, the winter
curve especially con®rms that the run of the `Carnegie
Curve' is well reproduced by a single day's PG data if
local environmental and meteorological conditions are
highly favourable. The minima are ¯at and rather stable
both in summer and autumn. The maximum of the
summer curve appears somewhat earlier than that of the
winter curve and the maximum is broader in the autumn
curve. Dierences regarding the latter features can be
attributed partly to local sources, partly to regional
thunderstorm activities which might be accentuated
dierently in the global activity from time to time.
As regards the curves presented in Fig. 6, it seems
that the phase of the diurnal variation of the fair-
weather PG is quite consistent with that of the `Carnegie
Curve', however, the amplitude of the former is essen-
tially larger than the diurnal amplitude of the latter.
This is likely due to local in¯uences. As can be seen e.g.
in Fig. 37 of Israe È l (1957), air conductivity varies with
local time showing higher values at night than in day-
time hours, i.e. the phase of its diurnal variation is
opposite to that of the PG. As also known from Israe È l
(1957), sometimes the diurnal amplitude variation of
local air conductivity is around 100% (in percent of
mean), i.e. it is rather large as compared to that of the
inversely running `Carnegie Curve'. Thus, it can be
assumed that the large amplitude of the diurnal varia-
tion of the Nagycenk PG is associated with a similar
behaviour of air conductivity (but in opposite sense),
even if data for the latter parameter are not available at
the corresponding measuring site. It is to be mentioned
that the amplitude of the PG diurnal variation is large
not only in the case of observations made at the Earth's
surface, but also in the case of measurements at higher
atmospheric levels. Namely, dual-aircraft measurements
carried out by Markson (1985) over ocean and coastline
yielded both a potential variation at a height of 1.5 km
and an ionospheric potential (VI) variation which
similarly followed in phase the run of the `Carnegie
Curve'. However, the amplitude variation was rather
noisy and large at 1.5 km height over both the ocean
and coastline locations, as compared to the variation of
the full ionospheric potential at both locations. The
range percent variation (range divided by mean) at
1.5 km height was near to 100%, i.e. twice of that of the
comparable full VI variation. Considering these results
of Markson (1985), the large diurnal amplitude varia-
tion shown for the PG measured at the ground (Fig. 6)
should not be astonishing, as Nagycenk represents a
land station. In PG values determined at land stations,
the global signal is generally masked by superposed local
eects. This might certainly be in¯uential in respect of
the diurnal amplitude variation, too. Nevertheless,
measurements carried out with due care together with
suitable data selection and treatment could contribute to
the preservation of a certain global signal content in the
Nagycenk data and to the occasional detection of global
features.
In Fig. 7a, b and c, the diurnal variations of the
relative amplitudes of the vertical electric component in
the ®rst three SR modes are plotted for the same days as
for the PG in Fig. 6. Like the PG, the SR amplitudes
generally show minima in the interval between 02 00
and 06 00 UT in each case. Depending on season, the
occurrence times of main maxima of the SR amplitudes
are somewhat variable, they are less stable than those of
the minima; nevertheless, a loose connection with the
timing of corresponding PG maxima is discernible. The
existing dierences can be attributed partly to the eects
of local origin in the case of the PG, partly to the
changes in source positions aecting the SR parameter.
Excellent fair-weather conditions (like those allowing
the demonstration of quite undisturbed diurnal varia-
tions in the previous ®gures) do not occur very often.
There are several days on which the PG variation is
highly disturbed by strong local in¯uences. Changes in
local air conductivity (associated with temperature-
forced convection and changing aerosol content), eects
due to space charges and electri®ed clouds, charged
precipitation etc. are factors which can mask the global
signal content of the PG considerably; as a consequence
its normal diurnal variation will essentially be modi®ed,
Fig. 6. Diurnal variation of the PG (in V/m) on fair-weather days in
three dierent seasons: winter (January 14, 1995), summer (July 25,
1995) and autumn (October 26, 1995); hours mean UT here and in
Figs. 7, 8
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are not always as regular as those presented previously;
they are occasionally contaminated by irregular excur-
sions in quite dierent parts of the day. On this basis, it
seemed worthwhile to look for disturbances simulta-
neously occurring in the PG and in the SR amplitudes.
Several cases of this kind were found, however, only one
of them will be presented.
In addition to the hourly averages of the PG, we
usually determine the dierence between the maximum
and the minimum PG values within each hour i.e. the
variation range (PGR). This quantity de®nes the vari-
ance well (Unruhe) of the PG and its changes indicate
local electrical activity mostly connected with meteoro-
logical in¯uences. The measuring range of the PG
equipment is limited in such a way that the maximum
dierence (i.e. PGR-max) can reach about 700 V/m. In
these cases the polarity change of the PG is also
considered; large dierences are usually associated with
strongly electri®ed clouds or local thunderstorm activ-
ity. (Unfortunately, the PG sensor does not allow special
detection of the lightning activity, on the basis of the
frequency of ®eld changes they produce.)
De®ning disturbed days on the basis of enhanced
PGR values, the corresponding daily variations of the
SR relative amplitudes were generally also disturbed, as
was discovered from a thorough inspection of data of
the year 1994. For demonstration, a disturbed summer
day has been chosen, however, days of enhanced PG
activity could be found in each season. Figure 8 shows
the daily variations of the SR amplitudes for all three
modes on August 20, 1994, together with the variation
of the hourly PG range. The strongest enhancement
of PGR appears in the hours 04 00 and 05 00 UT;
simultaneously the SR amplitudes suddenly increase in
all the three modes, however, they are the largest in the
®rst mode. The meteorological conditions were rather
disturbed as could be learned from the report of a
nearby station of the Hungarian Meteorological Service.
The simultaneous enhancements of the PGR and the SR
amplitudes in the early morning were connected with a
heavy rain shower extending over the measuring area,
i.e. the measurements of both parameters were in¯u-
enced by local meteorological eects. This ®gure repre-
sents a mixed case, namely PGR values return to a low
level at 07 00 UT and remain there during the whole
day, but some further excursions appear in the SR
amplitudes (between 14 00 and 17 00 UT, as well as at
20 00, 22 00 and 24 00 UT) hinting at the fact that these
disturbances are not directly associated with PG chan-
ges, they originate from other sources. Based on a
general meteorological report for this day, thunderstorm
activity occurring in south-western Hungary (at a
Fig. 7a±c. Diurnal variation of the SR amplitudes (in three modes) on
the same days as for the PG in Fig. 6: a winter day, b summer day,
c autumn day
Fig. 8. Hourly relative amplitudes of the SR vertical electric
component in the ®rst three modes for a disturbed summer day
(August 20, 1994) and hourly PG ranges (PGR, in V/m) for the same
day
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most likely responsible for the enhanced SR amplitudes.
4 Discussion and conclusions
Continuous recording (from May 1993 to December
1996) of the Schumann resonances yielded an appropri-
ate data set for con®rming the characteristics previously
detected by Sa Â tori and Zieger (1996) in the seasonal
variation of the amplitudes of the SR vertical electric
component. Based on an initial data set, it was found
that the annual variation is apparently present in all
three SR modes, and the semiannual variation is
signi®cant in the ®rst and second modes, while it is
weakly present in the third mode (Sa Â tori and Zieger,
1996). The present study additionally shows the annual
variation of the PG observed at the same station. As
expected on the basis of earlier results (Ma È rcz and
Bencze, 1981), its phase is opposite to that appearing in
the SR amplitudes. The annual variation with winter
maximum and summer minimum in the PG can be
attributed to the opposite seasonal variation of local air
conductivity (coupled with a seasonal variation in
condensation nuclei being in phase with the PG). The
summer maximum in the SR amplitudes is partly a
response to the intrinsic global source, (i.e. to the
increased global thunderstorm activity in this season)
and partly the response to the source proximity eect.
As mentioned, Adlerman and Williams (1996) using the
entire data set of the Carnegie and Maud measurements
have shown that the mean potential gradient in fact
peaks during the Northern Hemisphere summer rather
than in winter. Moreover, they have shown that the
summer maximum in air-Earth current measured at
Mauna Loa is also consistent with the annual variation
of thunder days for the globe. Results of the present
study revealed this summer peak in the Nagycenk PG,
too. Indications for the presence of such a signal were
rather pronounced in the years 1994 and 1995, and their
coincidence with the summer maxima of SR amplitudes
is apparent.
Taking also into account the results of Adlerman and
Williams (1996), the summer peaks of PG shown in
Fig. 3 (based on day-time data) and in Fig. 4 hint at the
fact that DC and AC parameters occasionally respond
in a similar way to the global source. This seems to be
valid in spite of the limited global signal content of the
DC parameter as compared with that of the AC
component. In Fig. 3, the PG seasonal variation is
displayed both by the curve based on night-time data
and by that based on day-time data. In accordance with
the diurnal variation of the PG, the night-time data
show a lower amplitude than the day-time data,
however, the winter maxima are apparent in both.
Because of the inverse relation between PG and air
conductivity, the PG maxima really appear to corres-
pond to local conditions, namely to the presumedly low
air conductivity in winter. As air conductivity increases
in summer, the PG has to decrease in this season. The
clear minima shown by the night data of PG in
consecutive years (Fig. 3, lower curve) are consistent
with this expectation. The decreasing tendency is also
shown by the day-time data (Fig. 3, upper curve) hinting
at an association with the behaviour of local air
conductivity, however, the pronounced PG peaks
emerging from the trend in summer can be attributed
to global thunderstorm activity rather than to local
in¯uences. Namely, in the data selection procedure, data
aected by local thunderstorm activity and some other
strong meteorological disturbances were properly ex-
cluded.
From the seasonal variation of early morning PG
data, it might be suspected that secondary maxima
appearing near to autumn would indicate the presence
of a weak semiannual signal (shown by the solid line
curve in Fig. 5). Applying a suitable ®ltering technique,
both an annual and a semiannual signal could be
extracted from this curve. The maxima in the semian-
nual component occurred too early to ®t the variation
pattern of the semiannual component in SR amplitudes
(showing maxima around spring and autumn). For
comparison it is worth noting that Williams (1994) has
found positive correlations between parameters of the
atmospheric electric global circuit and surface air
temperature (for the tropics and for the globe) on both
semiannual and annual time scales. Averaging monthly
mean surface temperatures (on 5°´5 °latitude ± longi-
tude squares, considering land and ocean alike) over the
latitude interval 25°, he showed a seasonal variation
for area-averaged dry-bulb temperature with two dis-
tinct maxima in April and October. A similar curve was
presented for the seasonal variation of wet-bulb tem-
perature. Averaging over the 60° latitude interval with
the same data set, an estimate of the global seasonal
variation in air temperature was obtained. The results
showed a distinct annual variation with a maximum in
Northern Hemisphere summer. Williams (1994) argued
that lightning is the global circuit quantity which is most
responsive to temperature. Using the monthly mean
number of thunder days (for stations within 25°
latitude and 60° latitude), he detected a semiannual
signal with maxima in April and October, in phase with
the temperature maxima; additionally, an annual signal
with maximum in Northern Hemisphere summer was
also present for 60° latitude. Midnight lightning data
and global lightning ¯ash-rate based on SR measure-
ments also showed a good agreement with temperature
variations, however, other parameters connected with
the DC global circuit (ionospheric potential and air-
Earth current) correlated less well with temperature
variations on semiannual and annual time scales. The
semiannual signal in ionospheric potential shown by
Williams (1994) is rather weak and the autumn bump is
more distinct than the spring one. (It is to be mentioned
that the ionospheric potential measurements were few in
number and the variance in each monthly mean was
substantial.) This partly resembles the seasonal run of
un®ltered morning PG data (Fig. 5, solid line). Williams
(1994) using the air-Earth current data of Hogg (1950)
showed the semiannual variation in this DC parameter,
too. It is admitted that air-Earth current is more
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standing in the semiannual variation of this parameter
the autumn peak is also more pronounced than the
spring one. According to Williams (1994), the seasonal
amplitude of DC circuit parameters was smaller than
that of lightning-related parameters. Results of the
present study seem to con®rm that in tracking the
semiannual and annual variations of global air temper-
ature, the SR amplitudes (representing lightning-related,
AC component) show better agreement than the PG
(manifesting the DC component).
Further results of Williams (1992) convincingly
indicated for several stations in the tropics that lightning
activity increases nonlinearly with surface air tempera-
ture. Moreover, evidence has been provided that SR
(being a lightning-related phenomenon and related to
the global electric circuit) can be applied as a sensitive
measure of tropical air temperature ¯uctuations. Plot-
ting simultaneous values of the ionospheric potential
(VI) and SR, Williams (1992) showed a strong associ-
ation between these two parameters that supported the
idea that both include a global component. Later, Price
(1993) used two independent data sets of satellite surface
temperature measurements as a substitute for true
surface air temperatures and showed that they correlate
well with variations in global thunderstorm activity.
Considering the previous results of Williams (1992), as
well as presuming linear relation between global light-
ning frequencies and ionospheric potential, Price (1993)
suggested that a 1% increase in global surface temper-
ature would result in a 20% increase in ionospheric
potential. Results of Markson and Price (1996) con-
®rmed the positive correlation between ionospheric
potential and global surface temperature obtained from
three dierent data sets. They also showed that iono-
spheric potential is positively correlated with an inferred
global lightning/deep cloud index which correlates with
global temperature. Based on these and previously
mentioned results, certain parameters connected with
the atmospheric electric (AC and DC) global circuit (like
SR and VI) can be regarded as proper tools in tracking
the global temperature ¯uctuations. The present study
analysing SR and PG variations yielded some results
which seem to con®rm that SR may be responsive to
temperature variations, while simultaneous measure-
ments of atmospheric electric AC and DC parameters
can be useful for detecting peculiarities in both compo-
nents which are comparable under advantageous con-
ditions.
Comparing diurnal variations of the Nagycenk PG
(on selected fair-weather days of dierent seasons, in
Fig. 6) with those of relative amplitudes in the ®rst three
SR modes (Fig. 7), certain similarities can also be found
on this time scale. Thus, it is apparent that minima
simultaneously appeared in both parameters. Maxima
of the individual PG curves occurred nearly in phase
with the maximum of the unitary diurnal variation in
the atmospheric electric DC global circuit (Fig. 6). It
should be mentioned that the diurnal variation of the
PG for the selected winter day particularly con®rms that
the run (phase) of the `Carnegie Curve' is repeatable by
a single day's PG data. For such favourable cases, it
may be supposed that the PG data are less spoiled by
local environmental and strong meteorological in¯u-
ences. When regarding the phase of the PG diurnal
variation it can be concluded that the global signal
content of PG is quite well preserved, however, this is
questionable when comparing the amplitude variation
of the PG with that of the `Carnegie Curve' because of
reasons discussed in Sect. 3.2. Nevertheless, careful
selection and treatment of the PG data can lead to
acceptable results regarding PG variations on longer
(e.g. annual and semiannual) time scales.
A detailed analysis of one year's data both for the PG
and the SR vertical electric component detected a
number of simultaneous short-term changes in the two
parameters; sometimes the changes appeared only in one
of them, however. The individual changes generally
lasted a few hours and they occurred in dierent parts of
the day. It may be presumed that changes in air
pollution certainly in¯uence the PG (as local air
conductivity is aected) but the SR parameter will not
be in¯uenced in such cases; while eects associated with
strong winds can hamper both measurements. Strong
meteorological disturbances, like local thunderstorms,
heavy rain or snow showers will certainly perturb both
parameters. More distant thunderstorm activity should
not aect the PG measurements, however, it can
generate changes in the SR parameter. For one example
(given for August 20, 1994) in Fig. 8, it could be stated
(on the basis of the corresponding meteorological
report) that localized meteorological disturbances were
really responsible for the short-term changes simulta-
neously appearing in parameters of the DC and AC
global circuit. In the early morning of the actual day,
changes appeared in both parameters due to the eect of
a local heavy rain shower; while in the afternoon and
evening hours, the SR amplitudes alone showed an
extraordinary behaviour which could be attributed to
lightning occurring at a distance of about 100 km from
the observation site (as also learned from the corre-
sponding meteorological report). Consequently, the SR
amplitudes seem to be more responsive to perturbing
sources outside the immediate vicinity of the observa-
tion site than the case for the PG parameter. Changes
also appearing in the latter, however, can help to
identify those sources which are con®ned to the
measuring area. Actually, the analysis of the Nagycenk
data hints at the fact that the comparison of the
simultaneous SR and PG records should enable us to
reject intervals with local in¯uences. Thus, this kind of
disturbed data can be excluded from SR studies aimed
at detection of global responses, e.g. at the determina-
tion of further relations between changes in SR param-
eters and surface air temperature as previously reported
by Williams (1992).
Atmospheric electric parameters derived from
ground-based measurements made at land stations are
certainly aected by local in¯uences that are investi-
gated in the present study. Notwithstanding, continuous
service of the measuring equipment, standard calibra-
tion and data processing, as well as careful data
F. Ma È rcz et al.: Variations in Schumann resonances and their relation to atmospheric electric parameters 1613selection can yield a data base suitable for investigating
also global circuit signatures from a land station. This
seems to be con®rmed by certain results of the present
study.
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